ABSTRACT: Distributary-mouth bars are important morphological units of deltas which develop under a wide range of wave, tidal, and riverine conditions, and are known to form highly productive subsurface oil and gas reservoirs. This paper extends previous work on purely fluvial mouth bars, to mixed systems where tides are also present. Under these conditions mouth bars can display alternate layers of mud and sand that can ultimately determine their vertical permeability. Herein we propose an analytical, process-based model to explain characteristics of tidal bedding and quantify their extent in mouth bars. Findings from our analytical model are compared with results from the numerical model Delft3D. From landward to seaward and in the absence of tides, our analysis shows that a sand-dominated zone is followed by a depositional environment made of sand and mud mixtures, and finally by mud-dominated areas. With increasing tidal amplitude, the sand-mud mixture zone is gradually replaced by a lamination zone characterized by alternate tidal bedding. Bedding characteristics in mouth bars are defined using the extension of the lamination area and the difference in mud content between coarse and fine sediment layers. Both quantities tend to increase with increasing tidal amplitude. The lamination zone grows while the difference in mud content decreases for small ratios of mud to sand settling velocity and mud to sand concentration. Bottom friction strongly affects tidal bedding by reducing the length of the zone where lamination occurs and increasing differences in mud content between successive layers.
INTRODUCTION
Mouth bars are dynamic environments characterized by high potential for sediment preservation (e.g., Esposito et al. 2013) . When a river debouches into a receiving basin, it experiences a decrease in velocity and flow momentum with consequent sediment deposition and mouth-bar formation (e.g., Wright and Coleman 1974) . Mouth bars are one of the main mechanisms for delta formation, by means of their repetitive deposition and distributary bifurcations around them (Edmonds and Slingerland 2007; Jerolmack and Swenson 2007) . Thus, morphological and stratigraphic information on mouth bars are important, because they could potentially determine the architecture of the entire delta.
When a bar becomes emergent, sediment composition has a crucial influence on the encroaching vegetation and related fauna. Sediment grain size can also control pollutants, which are more likely to adhere to mud for its cohesiveness and chemical properties. Mud content can therefore be considered an indicator of potential pollution at river mouths (e.g., Degroot et al. 1982) .
Mouth bars can be important reservoirs for oil and natural gas. As a consequence, the stratigraphy of these depositional environments needs to be fully understood in order to evaluate fluid flow within the reservoir. In fact, oil production and field development depend on the capability of forecasting deposit heterogeneity at all scales of geological variability (White et al. 2004 ). Grain-size distribution, bioturbation and bedding style, and presence and thickness of mud layers provide important information on reservoir characteristics. For example, vertical permeability has been found to change significantly across heterolithic planar bedding (Schatzinger and Tomutsa 1999) . Sediment bed characteristics are strongly influenced by marine processes and can be particularly complex due to the interaction of several external drivers. Stratigraphic evidence confirms the role of waves and tides in reworking mouth-bar sediments (Allen and Posamentier 1993; Sydow and Roberts 1994) . Among others, the role of tides on the morphology of coastal deposits and its influence on bed layering has been widely recognized (e.g., Dalrymple and Choi 2007; FitzGerald et al. 2006; Leonardi et al. 2013) . Tidally induced variations in water level create wider mouth bars which develop faster than in the absence of tides. This is mainly due to the fact that tides increase flow spreading at the channel mouth and that low tidal conditions favor a drawdown water profile and an accelerated flow near the river mouth (Leonardi et al. 2013) .
Tidal bedding can be considered the stratigraphic expression of tidal cycles, and its presence has been used to identify energetic tidal conditions (e.g., Shi 1991) .
During high-velocity periods tides allow the deposition of only coarse sediments (typically sand), while during low-velocity intervals fine suspended sediments are also able to settle at the bottom. The result is an alternation of sand and mud layers, which forms the so-called tidal bedding (e.g., Davis and Dalrymple 2012) . Tidal bedding is thus associated with layers of different composition, texture, and color and is one of several types of rhythmites (i.e., sequences of sediments that are produced by cyclic conditions) (Greb and Archer 1995; Davis and Dalrymple 2012) .
Typical features of tidal-bedding rhythmites are repetitive vertical thickening and thinning of alternating sandstone or siltstone-shale laminae couplets. These variations in thickness of successive layers might record changes in velocity due to lunar and solar cycles such as diurnal inequality and neap-spring alternations (Dalrymple et al. 1991; Greb and Archer 1995) . Detailed analyses of these features allow establishment of the relationship between moon and earth over geologic time scales (Dalrymple et al. 1991) . Modern tidal rhythmites are present, for example, in the upper estuarine reaches of the Bay of Fundy, Canada, and are common in the Bay of Mont-Saint-Michel in France (Dalrymple et al. 1991; Tessier 1993; Tessier et al. 1995) . Tidal bedding has been documented in microtidal environments as well, for example in the Dyfi River Estuary, U.K. (Shi 1991) . Longhitano et al. (2012) and Coughenour et al. (2009) present a review of tidal depositional systems in rock records and show how sedimentary structures generated by tidal hydrodynamics are characterized by great variability. Figure 1 shows an example of bed layering which has been interpreted as generated by tidally driven currents (after Longhitano et al. 2012) . Coughenour et al. (2009) summarize the state of the art of quantitative analysis used to identify tidal bedding and tidal periodicities encoded in the geological record. Initial investigations on tidal facies were based on measurements of the thickness and number of sand laminae (e.g., Visser 1980; Coughenour et al. 2009 ). Subsequent approaches have been based on spectral estimation techniques, which are mainly divided into parametric and nonparametric methods (e.g., Hayes 1996) . Among the parametric methods, one of the most common is the maximum entropy method. For the nonparametric methods, the use of periodograms, and in particular of the Schuster periodogram is common. Researchers have also used predicted tidal heights and current speeds to model laminae deposition and test the efficiency of preservation of tidal cycles in tidal rythmites (Archer 1995; Coughenour et al. 2009 ).
Despite the fact that several studies have analyzed the stratigraphic architecture of tidal environments and related facies distribution (see Dalrymple and Choi 2007 , for a review), the complexity of the problem requires more efforts in order to understand the hydrodynamic mechanisms behind the formation of tidal laminations and their effect on small-scale stratigraphic units, such as mouth bars. This paper aims at investigating internal structures of distributary-mouth bars forming in microtidal and mesotidal environments. Specifically, our goal is to identify key sediment transport processes promoting the formation of tidal laminations. For this purpose, we develop an analytical model and compare its results to numerical simulations carried out with the numerical model Delft3D (Roelvink and Van Banning 1994; Lesser et al. 2004) , considering a simple geometry and homopycnal effluents. For the sake of simplicity, we neglect wind waves and Coriolis forces. The above-mentioned external drivers may have a non-negligible influence on mouth bars, from both a morphodynamic and stratigraphic point of view. For example, the presence of wind waves in the exposed location of mouth bars could prevent the preservation of laminae in a form that can be recognized with confidence in ancient deposits.
FIG. 1.-A)
Rhythmic, cross-lamination, and plane-parallel lamination that has been interpreted as generated from oscillating, tidally driven currents (Eocene, Itu, Brazil). (after Longhitano et al. 2012) . B) Water level and velocity, Apalachicola River, Florida (1-4 March, 2013). Measurements of water level and velocity have been taken at the mouth of one of the distributaries using an acoustic doppler current profiler (29u45927.650N; 84u54942.530W).
The manuscript is organized as follows: Section 2 outlines the numerical model features and its setup. Section 3 provides a theoretical framework for the turbulent-jet theory at the channel mouth. Section 4 describes hydrodynamic processes leading to the formation of tidal bedding. Section 5 deals with the spatial and temporal evolution of tidal laminae and their relationship to mouth-bar evolution. Section 6 describes the analytical model. Section 7 provides a comparison between analytical and numerical models. Section 8 deals with laminae characteristics as obtained from the numerical model. A set of conclusions is presented in section 9.
Setup of Numerical Model
Mouth-bar formation and stratigraphy are studied by means of the computational fluid dynamics package Delft3D (Roelvink and Van Banning 1994; Lesser et al. 2004 ). Delft3D allows the simulation of hydrodynamic flow, sediment transport, and related bed evolution (Lesser et al. 2004) .
The model solves the shallow-water equations in two (depth-averaged) dimensions. These equations are the horizontal momentum equations, the continuity equation, the sediment transport equation, and a turbulence closure model. The vertical momentum equation reduces to the hydrostaticpressure assumption because vertical accelerations are considered small with respect to gravitational acceleration and are not taken into account (Lesser et al. 2004 ). The sediment-transport and morphology modules account for bed-load and suspended-load transport of cohesive and noncohesive sediments and for the exchange of sediment between bed and water column. Suspended load is evaluated using the sediment advection-diffusion equation, and bed-load transport is computed using empirical transport formulae. The bed-load transport formulation used in this work is the one proposed by Van Rijn (1993) . The model also takes into account the vertical diffusion of sediments due to turbulent mixing and sediment settling due to gravity. In case of noncohesive sediments, the exchange of sediments between the bed and the flow is computed by evaluating sources and sinks of sediments near the bottom. Sources are due to upward diffusion of sediments, and sinks are caused by sediments dropping out from the flow due to their settling velocities (Van Rijn 1993) . In case of cohesive sediments, the Partheniades-Krone formulations for erosion and deposition are used (Partheniades 1965) . In their formulation, the critical shear stress for erosion is always greater than or equal to the one for deposition; therefore, intermediate shear-stress conditions may exist for which neither erosion nor deposition occurs. This cohesive sediments paradigm is in contrast to common assumptions for noncohesive sediments, for which deposition and erosion always occur simultaneously (Sanford and Halka 1993) . However, the existence of a critical shear stress for deposition is controversial. Winterwerp (2007) recently reviewed the cohesive-sediment paradigm by means of literature data and was able to reproduce experiments carried out by Krone (1962) without considering the presence of a critical shear stress for deposition. Thus, he concluded that the so-called critical shear stress for deposition does not exist: it is simply a threshold for resuspension. The latter consideration was also postulated by Krone in his original report (Krone 1962) . These findings are in agreement with observations of Sanford and Halka (1993) in the upper Chesapeake Bay, for which model results show poor agreement with field observations when the presence of a critical shear stress for deposition is taken into account.
Therefore, we choose to assume a gross sedimentation rate of cohesive sediments equal to their settling flux w m c m , where w m and c m are settling velocity and concentration of the cohesive sediment fraction (Winterwerp 2007) . A possible implication of this hypothesis is an increase in the area where mud deposition is allowed.
Sediment-transport and morphology modules in Delft3D allow accounting for multiple sediment fractions. The transport of each sediment class is separately calculated taking into account the availability of each fraction in the bed. The erodible bed (comprising the channel) is divided into multiple layers, and for each time step the exposed layer (the transport layer) is the only one providing sediments to the flow. At every time step the layer thickness is updated. In each layer, sediments are assumed to be vertically mixed. In our simulations, sediment erosion during one time step never exceeds the thickness of a layer. We used 75 initial layers of 2 cm thickness.
The model mesh is rectangular, with rectangular cells whose long axis is parallel to the flow ( Fig. 2A) . The simulations are designed to investigate a distributary discharging into a body of water with an initial flat bottom subject to tides of different amplitudes. The tested basin depths are 4 m and 4.5 m. The river length is 400 m and has necessarily been limited in order to ensure a reasonable computational time once it was verified that the channel length was not affecting the results.
We further consider a river-dominated condition characterized by a river discharge much larger than the tidal one. Our simulations are thus representative of systems having a negligible tidal prism or for peak flow regimes that are high enough to prevent strong flow reversal. Relevant systems could be, for example, the Mississippi and Apalachicola deltas, U.S.A., and the Sepik River, Papua New Guinea. Figure 1B shows an example of a distributary channel in the Apalachicola delta that during flooding behaves as fluvial-dominated system with a tidally modulated unidirectional flow, under a progressive wave condition. The hydrodynamics of mouth bars under a river-dominated case have been investigated by Leonardi et al. (2013) , who show that under these conditions a progressive wave at the river mouth is promoted by the establishment of a drawdown profile at low tides and consequent flow acceleration (Leonardi et al. 2013) .
The domain has three open boundaries: at the seaward boundary a varying water level is imposed to simulate sea-level variations due to tides. For the lateral boundaries, we impose a zero-flux boundary condition, consisting of imposing the gradient of the alongshore water level equal to zero ( Fig. 2A) . In the channel, a constant discharge is prescribed with values ranging from 900 m Variable channel width-to-depth ratios have been used (90, 70, and 37) as well as variable friction coefficients (Darcy-Weisbach friction coefficients equal to 0.09, 0.02, and 0.04). Width-to-depth ratios were chosen considering that at the channel mouth the width is generally much larger than depths and that width-to-depth ratios greater than 50 are common (Edmonds and Slingerland 2007) . We prescribe a constant sediment input of cohesive and noncohesive sediments for each numerical test. The noncohesive fraction has specific density of 2650 kg/m 
Theoretical Framework for the Turbulent Jet at a River Mouth
As distributary channels discharge into a body of water, they behave like a turbulent jet, experiencing mixing and diffusion (e.g., Bates 1953; Canestrelli et al. , 2010 Wright and Coleman 1974; Ö zsoy and Ü nlü ata 1982; Wright 1977; Rowland et al. 2009; Rowland et al. 2010; Falcini and Jerolmack 2010; Nardin and Fagherazzi 2012; Nardin et al. 2013; Leonardi et al. 2013) .
In coastal areas vertical motions are negligible respect to horizontal ones and the shallow water approximation is widely accepted (e.g., Ö zsoy and Ü nlüata 1982). Under these conditions the integral-jet theory is generally applicable and the turbulent jet has a symmetrical geometric structure with respect to the longitudinal axis (Abramovich 1963) . The jet can be divided into two regions: a zone of flow establishment (ZOFE) and a zone of established flow (ZOEF). The first zone is characterized by a core of constant velocity, while the second one is characterized by an exponentially decreasing centerline velocity and a self-similar profile for the transverse velocity. The transition between the two zones is the downstream location at which turbulence generated at the margins of the jet propagates towards the center (Bates 1953; Abramovich 1963) .
Ö zsoy (1977, 1986) proposed an analytical solution for jet parameters and sediment transport in the nearshore area in the vicinity of tidal inlets. The advection-diffusion equation is used to guarantee the conservation of mass of sediments discharged by the river and experiencing gravitational settling. In this framework an ambient concentration distribution can be taken into account, and it is assumed that sediment concentration is small with respect to fluid density, with small density variations not contributing to the momentum balance. To compute centerline velocity, jet half-width, and centerline sediment concentrations in case of flat bottom with friction, the following normalized parameters are defined ( Fig. 2B) :
where b 0 is the inlet half-width, b (j) is the jet half-width, h 0 is the inlet depth, h is the water depth, r 0 is the jet core at the inlet, r c is the jet core, u 0 is the centerline jet velocity at the inlet, u c is the centerline velocity, c 0 is the concentration at the inlet, c a is the ambient concentration, c c is the centerline concentration, f is the Darcy and Weisbach friction coefficient, w is the sediment settling velocity, u cr is the critical shear velocity and x s is the end coordinate for the core region and marks the passage between ZOFE and ZOEF. x s is found imposing the normalized jet core half-width R equal to zero in the ZOFE equations (Ö zsoy and Ü nlüata 1982, 1986) (Fig. 2B,  Equation 2 ). The depth-averaged equation of momentum and the advection-diffusion equation are then solved, using the quasi-steadiness and self-similarity assumptions. The solution along the centerline in case of flat bottom with friction is, for the ZOFE (j , j s ):
and for the ZOEF (j . j s ):
where U(j) is the nondimensional centerline velocity, B(j) is the nondimensional jet half-width, C(j) is the nondimensional centerline concentration, R(j) is the nondimensional jet-core half-width, a 5 0.036 in the ZOFE, a 5 0.05 in the ZOEF and I 1 , I 2 , and I 4 are numerical constants equal to 0.450, 0.316, and 0.368 respectively. The quantities X and M are
where I 3 and I 5 are numerical constants equal to 0.6 and 0.278 respectively. Note that for C A (nondimensional ambient concentration) equal to zero, M(j) goes to zero as well. These equations are used in Section 5 as the starting point for the process-based model.
The variables X(j), M(j), P(j), and Q j ð Þ can be used to write, in a more convenient form, the normalized equation for sediment concentration distribution integrated across the jet cross section:
Formation of Inter-Layered Bedding
Herein we introduce conceptual considerations on processes allowing the formation of tidal bedding. Three main factors regulate the formation of tidal laminae: i) availability of at least two sediment fractions is necessary to guarantee the presence of multiple facies. ii) Alternating deposition of these two sediment fractions is also required. In case of one sediment fraction continuously being deposited across the entire area, intermittent deposition of a second fraction is sufficient to guarantee the establishment of laminae. iii) Sediment and settling characteristics such as sediment concentration, settling velocity, bottom friction, and tidal amplitude may play an important role in defining bedding features.
The alternation of erosion and deposition is dictated mainly by variations in shear velocity at the bottom. Tides, as well as varying discharge conditions, are responsible for such variability of bottom shear velocity. In the presence of sand and mud, as in our numerical tests, variability throughout the tidal cycle of areas allowing mud deposition, triggered by variations in shear velocity, is expected to be greater than corresponding variability in sand deposits. This is mainly due to high values of settling velocity and critical shear stress for erosion of sand with respect to mud. Under these conditions small variations in shear velocity slightly affect the erosion of sand, and sand deposition continues to occur mainly near the river mouth.
From numerical-model results it is possible to evaluate net deposition as the difference between gross deposition (D) and erosion (E) for different instants of the tidal cycle, as a function of different river-mouth velocities and water depths.
Two possible cases lead to zero net deposition: for E ? 0, net deposition is zero when E 5 D. For E 5 0, net deposition is zero when D 5 0. These two behaviors can be observed for different sediment fractions: for fine sediment fractions, the shear stress is expected to exceed its critical value near the river mouth (this condition also covers E . D cases) and the condition E 5 D determines locations of points of zero net deposition. For coarse sediment fractions, the shear stress does not exceed its critical value and deposition occurs around the river mouth in a tidal cycle. Erosion is not expected to occur in the rest of the domain due to lower shear stress far from the river mouth. Thus, in the latter case the reduction in sediment concentration in the water column of sand-size material is the only process leading to zero net deposition.
Mud net deposition is shown in Figure 3B for a tidal range equal to 0.75 m (Fig. 3A) and for three instants of the tidal cycle (Fig. 3B ). For this fine sediment fraction, a region of alternating negative and positive net deposition is present due to variations in shear velocity at different instants of the tidal cycle. Here, x min and x miax are the minimum and maximum longitudinal coordinates where net deposition reaches a zero value within a tidal cycle. The region between x min , x , x max is a potential lamination area, assuming the deposition of a second fraction of sediments (e.g., sand) everywhere in this zone.
In Figure 3C , yellow bars indicate simultaneous deposition of both mud and sand, and green bars indicate mud erosion and only sand deposition at that specific tidal instant. The result is a lamination extent going from x min to x min and an area characterized by continuous deposition of both sediment fractions beyond x max that extends up to the limit of sand deposit (sand limit, Fig. 3C ).
The lamination extent may be substantially reduced if sand deposition does not reach x max . The sand and mud mixture zone and the mud-only zones are limited by sediment availability as well.
Spatial and Temporal Patterns of Tidal Laminae
The model Delft3D is able to simulate the formation of mouth bars and the presence of tidal laminations in the deposits. Figure 4A Following a notation similar to that of Edmonds and Slingerland (2007) , h u and h l are defined as the water depth above the peak of the mouth bar and the river depth at the landward boundary (water depths being referred to mean sea level). According to the authors the formation of mouth bars goes through different phases. The first phase is the initial deposition due to a decrease in jet momentum and consequent sediment settling. The second phase is connected to flow acceleration at the top of the bar and consequent bar progradation. Finally, the bar stops prograding and starts widening, once it is high enough to force fluid around it. The latter step starts for h u /h l values around 0.6 (Edmonds and Slingerland 2007) .
Mud net deposition and sand net deposition have been evaluated at different instants of the tidal cycle, when velocity is at its maximum and minimum, and for different stages of the mouth bar evolution. We calculated net deposition for h u /h l equal to 1, 0.6, and 0.4. Figure 5A , B, and C refer to these ratios, showing net deposition for mud and sand, for a tidal amplitude h t equal to 2.5 m and for the minimum and maximum velocity during the tidal cycle. Figure 5A represents net depositional patterns at the earliest stage of the simulation, when the mouth bar is not yet formed. Net depositional patterns maintain the same trends for small mouth-bar elevations. Lamination is going to occur in the area between points A and B due to alternated presence of mud. In the area between points B and C, we are going to have lamination as well, this time due to alternating sand deposition, in the presence of mud.
For h u /h l ratios of 0.6 (Fig. 5B) , the bar is at its prograding stage. The lamination area is extensive and comprises the whole footprint of the bar where fluid flow is accelerated. For low flow velocities, both mud and sand are able to settle on the top of the bar. However, for high velocities only sand can be deposited because of its higher settling velocity, while mud is eroded. Around the centerline, where sand is deposited during the entire tidal cycle, sand and mud layers are produced by intermittent mud deposition. At the two sides of the river mouth, either sand or mud deposits are present due to the absence of the other grain size. The final result is an expansion in time of the lamination area both longitudinally and transversally (Fig. 4) .
For h u /h l ratios of 0.4 (Fig. 5C ), channelization around the bar begins. During periods of low velocity, depositional patterns are similar to that observed for previous h u /h l ratios. However, during periods of high velocity and low water level, depositional patterns change because the flow is confined at the two sides of the bar. The result is that lamination in front of the bar ceases, while lamination at the two sides increases.
Analytical Model for Facies Distribution
According to considerations presented in Section 3, laminae extent due to alternate erosion and deposition of only one sediment fraction is confined between two points, x min and x min where net deposition is equal to zero when the tidal flow is minimum and maximum.
Given the analytical formulations for centerline velocity and concentration presented in Section 2, it is possible to evaluate the centerline longitudinal coordinates at which net deposition is equal to zero at every instant of the tidal cycle and for each sediment fraction. Gross deposition, D, and erosion, E, along the centerline are evaluated as 
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For cohesive sediment fractions, M is the erosion parameter of the Partheniades-Krone formulation. For noncohesive sediment fractions, M is obtained from the pick-up function proposed by Van Rijn (1993) .
For a sediment fraction such that u 0 j ð Þ 2 =u cr 2 ƒ1, erosion is prevented at the river mouth, and, because the velocity decreases with distance from the mouth, no erosion is expected to occur in the whole domain. Therefore, zero net deposition occurs only when sediment settling is negligible, i.e., the concentration C j ð Þ in the water column is zero (Equation 3). For a sediment fraction such that u 0 j ð Þ 2 =u cr 2 w1, the resulting nondimensional coordinate, j, at which net deposition is zero at a certain instant is obtained by imposing U(j) (Equation 3) equal to U cr (j) and by solving the second-degree equation in e mj : 
and f u cr u cr is an approximated value for u cr (see Appendix A). The condition u 0 j ð Þ 2 =u cr 2 w1 most likely occurs for fine sediment fractions for which erosion is present. Figure 6 shows how locations of zero net deposition vary with the dimensionless tidal velocity u t /u o for two different sediment fractions (sand and mud), where u t is the component of the periodic velocity amplitude and u 0 is the mean velocity throughout the tidal cycle. We consider two instants of the tidal cycle, when the velocity is maximum (thick dashed lines) and minimum (thick continuous lines). Thick black lines correspond to mud net deposition equal to zero. Thick red lines correspond to sand net deposition equal to zero. Points above black lines are characterized by mud positive net deposition. Points under red lines are characterized by sand positive net deposition. The solid pink area (zone 1) is characterized by continuous sand deposition in the absence of mud and, thus, it is sand dominated. The pink area of the plot marked with thin black lines (zone 2) is a mud lamination area and is characterized by coarse and fine layers due to alternating mud deposition with continuous presence of sand during the whole tidal cycle. Solid white area (zone 3) is characterized by continuous sand and mud depositions, resulting in a uniform sand-mud mixture. The white area with thin black lines (zone 4) is a sand-mud lamination zone and is characterized by lamination due to alternation of both mud and sand deposition. The gray area, marked with thin red lines (zone 5) is a sand lamination zone characterized by lamination due to alternating sand deposition with continuous presence of mud. In the latter case, sand is present while mud is being deposited, but it is not always present throughout the tidal cycle. The solid gray zone (zone 6) is mud dominated and is characterized by continuous mud deposition in the absence of sand. According to the plot we can move along the vertical axis to proceed along the jet centerline. In the absence of tides (u t /u 0 5 0), we expect a sand-dominated area near the river mouth, then a sand-mud mixture zone, and finally a muddominated zone far from the river mouth. No lamination is present. With increasing tidal amplitude, a lamination area forms, due to variations in flow velocity. For (u t /u 0 5 1), the following depositional environments can be found along the centerline: only sandy deposit near the channel mouth (up to point A), sand and mud interlayered deposit (from points A to D), and finally only mud deposits (above point D).
Figures 7A and B illustrate the effect of a possible increase in mud settling velocity and sediment concentration for a generic instant of the tidal cycle. These parameters influence gross deposition and do not affect erosion. Reductions in settling velocity and concentration have the same effect and tend to delay the location of zero net deposition ( Fig. 7A ; the black dot longitudinal coordinate is higher than the red one). With decreasing settling velocity (or concentration), the deposition curve intersects the erosion curve in locations where the erosion curve has a low gradient. As a consequence, even small vertical variations in the intersection point (due to velocity variations during the tidal cycle) determine significant deviations along the longitudinal coordinate with a possible increase in lamination length. The area marked in red in Figure 7A represents positive net deposition for high settling velocity (or concentration), and it is larger than the black marked area, representative of positive net deposition for low values of these quantities. Therefore, for high values of mud settling velocity and concentration, it is reasonable to expect a small lamination area near the river mouth and high mud content in the layers. Figure 7B illustrates variations in lamination extent (zero net deposition for mud in Fig. 6 ) due to a decreasing mud settling velocity. This is a direct consequence of variations in the intersection points of Figure 7A . The laminae extension increases basinward for low settling velocities of the mud, while an increase in settling velocity (or sediment concentration) tends to increase landward deposition.
Comparison between Analytical and Numerical Model
The analytical model proposed in Section 6 does not take into account bottom evolution and as a consequence the expansion of the lamination area connected to the shoaling of the mouth bar (Fig. 4, Section 3) . Figure 8 compares the length scale over which tidal laminae can form predicted by the numerical model compared to that predicted by the analytical model. Note that in our idealized models this length scale corresponds to the length scale of the individual laminations themselves (as they are considered continuous). In a natural system, where there are many additional processes at work, the length of individual laminations may be very different from the length of the zone under which they are stable (zones 2, 4, and 5 in Fig. 6 ).
As expected, the length of the lamination zone predicted by the analytical model underestimates the results of the numerical model. However, there is a significant correlation between the two models with analytical and numerical area of lamination having comparable trends (Fig. 8) .
For the difference in mud content between successive layers, a qualitative comparison between the analytical and numerical models can be obtained by looking at its distribution along the centerline. Figure 9 shows how Dc (blue line) and the maximum mud concentration (C max ) (red line) vary along the centerline for a typical run with 2.5 m tidal amplitude. Given a certain longitudinal coordinate, Dc is the average, for multiple tidal cycles, of the difference in mud content between two subsequent layers deposited at each tidal cycle.
C max is the maximum mud content, for all vertical layers. It is possible to see that both curves are characterized by three main zones with different slopes (A-B, B-C, and C-D). The three zones correspond to the three different areas marked in Figure 6 (right y axis). Proceeding downstream from the channel mouth along the centerline, we encounter locations having increasing time of mud deposition (Fig. 3C) . Mud content per layer (in layers where the percentage of mud is higher than that of sand) as well as maximum mud content can be reasonably related to the duration of time, throughout the tidal cycle, during which mud can be deposited.
In the interval from A to B, mud deposition increases, but it is intermittent during the tidal cycle. All points are characterized by constant deposition of sand. From B to C, mud deposition duration is still increasing. The increased steepness is determined by the fact that, in this area, sand is not always present, favoring a relative increase in mud content. In the interval from C to D mud deposition is constant and the presence of sand is at its minimum, because the sand fraction is the one determining the formation of layers. In this case both mud concentration and mud difference between different layers are at their maximum. Therefore maximum Dc occurs where lamination is determined by sand rather than by mud variability. From Figure 10 it is possible to note an increase in mud content per layer with increasing longitudinal coordinate. A reduction in the laminae area for small tidal amplitudes is also evident from Figure 10B .
Lamination Characteristics
By taking into account numerical and analytical model results, bedding characteristics along the centerline have been defined using the lamination length (l l ), defined as the total length where tidal laminations can form, and the maximum difference in mud content (Dc) between two successive layers (Fig. 4) . The latter difference is the average of different Dc values along the mouth-bar centerline (Fig. 4) . Parameters Dc and l l were calculated from our numerical tests for values of h u /h l equal to 0.4. To understand how sediment characteristics and hydrodynamic conditions affect Dc and l l , we use dimensional analysis and Buckingam's P theorem. Assuming constant values of erosion parameters and critical shear velocity for the two sediment fractions, it follows that both the location of zero net deposition j and the sediment concentration in the water column If mud concentration, c m , is the only varying parameter, its increase would lead to a reduction in lamination length and to an increase in mud deposition near the river mouth. A higher sand concentration, c s , would lead to a larger area where both sediments are available and, therefore, an increase of lamination length. For the extreme case in which sand concentration is much higher than mud concentration and this ratio goes to zero, the potential extent of lamination is at its maximum, but the magnitude of Dc/c m is minimum due to lower amounts of available mud with respect to sand. The ratio w m w s represents mud settling velocity over sand settling velocity, and it is always less than one. If this value approximates zero, mud behaves as a conservative substance and maximum lamination length occurs together with minimum concentration difference between layers, as mud tends to be transported downstream and only a small portion is allowed to deposit. The term w m u 0 regulates the interaction between mud and the riverine flow. High values of w m u 0 can be caused by a decrease in riverine velocity or an increase in settling velocity. Both cases lead to an accelerated deposition of the finer sediment fraction near the river mouth and reduce the susceptibility of this fraction to shear-stress variations. An increase in w m u 0 leads to a reduction in lamination length and to an increase in the Dc/c m ratio, due to higher differences between positive net deposition at low and high velocity. These enhanced differences are caused by large variations in longitudinal erosion near the river mouth (erosion curve in Fig. 7 The friction coefficient ( f )and the width to depth ratio b 0 h 0 of the river mouth determine the dimensionless parameter m (Eq. 1). This friction parameter regulates the decay of both concentration and velocity. Its fast decay results in a decrease in lamination extent and an increase in landward deposition rate for both sediment fractions. In contrast, Dc/c m increases with friction due to the sharp drop in erosion along the centerline, which promotes, in turn, differences in positive net deposition during the tidal cycle (dotted areas in Fig. 7 ).
An analysis of the exponents of each term in Equation 11 reveals that bottom friction and river-mouth geometry have a major role in determining both lamination length and difference in mud content between successive layers. This is mainly due to the influence of bottom friction on hydrodynamic conditions of the flow, which then affect deposition and erosion of both sediment fractions. The exponents are also 
CONCLUSION
Making confident predictions of geomorphological and stratigraphic features of mouth bars is relevant to understanding of the rock record of depositional basins. Mouth bars often display alternate layers of coarse and fine material, due to velocity variations throughout tidal cycles. In our analysis we consider two sediment fractions, mud and sand, and we propose that tidal bedding occurs in areas where alternate deposition and erosion occur, for at least one of the two fractions. We further propose a facies model such that a sand deposit forms near the river mouth followed in order by a lamination zone, a homogeneous sand-mud mixture area, and mud deposits. Lamination and sand-mud mixtures form at intermediate distances from the river mouth, while mud deposits are created in the distal parts of the domain. The lamination area increases with increasing tidal amplitude. Properties of tidal bedding are defined by means of bedding extension along the centerline and differences in mud content between successive layers. Both quantities have been found to increase with tidal amplitude. Lamination extent grows with decreasing ratios of mud over sand concentration and settling velocity, while the difference in mud content in successive layers has been found to increase with increasing settling velocity and concentration. Differences in mud content between different layers tend to increase far from the river mouth. The lamination area also tends to shift basinward during mouth-bar evolution. Finally, bottom friction has been found to be one of the main drivers for lamination. According to our dimensional analysis, an increase in friction reduces lamination length and increases the difference in mud content between successive layers, by means of flow deceleration and early sediment deposition. While this work focuses on tidal laminae, the results could be extended to a broader suite of processes. The same theory could be used to explain seasonal-scale processes, such as fluvial discharge variations, with consequent application to longer cycles common in natural systems. The broader conclusion could apply to a variety of processes in that an unsteady flow field with bimodal sediment distribution can result in discrete laminations.
